The lack of geological control and old underground development at AngloGold Ashanti (Bibiani mine) in Ghana was a major setback for the conventional methods of resource estimation to produce accurate estimates of the deposit. Consequently, inverse distance weighting of indicator variables were used. This estimation approach, however, overestimated the boundaries of the old underground workings (voids) into inappropriate areas of the resource model and thereby caused significant underestimation of ore tonnage and overestimation of grade. This paper highlights the study that re-evaluated the Bibiani deposit using indicator kriging. The results of re-evaluated reserves compared well with actual production figures in terms of tonnes, grade and stoping volume.
Introduction
AngloGold Ashanti (Bibiani mine) is located about 380 km by road, northeast of Accra (Fig. 1) . The climate in the area is wet semi-equatorial characterised by annual double maximum rainfall pattern occurring in the months of March to July and from September to mid-November. The annual rainfall varies from year to year with a mean of about 1 473 mm.
The first recorded mining operation at the Bibiani mine was in 1902 (De Vente, 2002) . However, the mine was closed down in 1968 due to lack of mineable reserves. After the change of ownership and further exploration, the mine was resuscitated in 1997. Open pit mining method was used without any detailed plans to indicate stopes, high grade, broken ore and pillars underground. This, in addition to little geological control, did not allow the conventional method of resource estimation to produce reliable estimates for the remnant gold resources. This called for a review of the resource estimation model. It was imperative to re-evaluate the Bibiani resources using an alternative approach to ascertain whether the consistent overestimation encountered by the conventional Inverse Distance Weighting (IDW) method could be significantly reduced.
This paper is the outcome of the research that reevaluated the Bibiani resources using indicator kriging and an unconstrained estimation for lithology. The results of the research work compare well with the actual production figures from grade control in terms of stoping volume, tonnes of ore and grade.
Fig. 1 Location of Bibiani 2 Local Geology
The local geology of the mine has features that are typical of Birimian gold deposits. The host rocks for the gold mineralization are quartz veins, metavolcanic, volcaniclastic and metasedimentary rocks (Fig. 2) .
The quartz veins are developed on a shear zone which trends parallel to the belt but with dips slightly flatter than the host rocks and parallel to axial plane cleavage. Gold mineralization often shows close spatial relationship to zones of alteration such as carbonation, sericitisation and silicification (Leube et al, 1990) .
Two types of auriferous ore bodies may be identified as (Leube et al., 1990): 1. Disseminated sulphide type (DST) that is either lithofacies controlled, regional in extent and syngenetic in origin (DST1) is associated with the salvage of quartz veins and is epigenetic (DST2). 2. Quartz vein type (QVT) of local gold mineralisation that is structurally controlled and epigenetic in origin.
Data Collection and Analysis
Data from 357 holes involving reverse circulation 31
Fig. 2 Plan of Bibiani Geology Showing Trend of Gold Mineralisation.
GMJ GMJ and diamond drilling holes totalling 5.86 km was collected. About half of the drilling and the bulk of the deeper holes were carried out by diamond coring in HQ, NQ and BQ sizes. Each diamond drill core was sampled by conventional splitting using a diamond saw. For low grade intersections, the sample interval was 3 m. However, this was reduced to 1.5 m or less in high grade areas. Geological control has been a more important factor in deciding on sampling intervals for the later holes with BQ cores.
The data was input into the spreadsheet and saved in four files namely: assay, lithology, downhole survey, and collar. The database was validated for irregularities in the form of missing information such as illogical data entries and overlaps of sample intervals.
Analysis of the data was aided by surface geological maps (including structural maps) at a scale of 1:2500 and mnemonic lithological codes which make the data tractable for resource modelling (Speijers and Macdonald, 1996) .
Orebody Modelling
Sectional interpretations were digitised in crosssectional views at appropriate intervals along strike of the orebody. An example of such cross section along 5350N is shown in Fig. 3 . The envelopes around the mineralised zone were drawn with a cut-off grade of 0.5 g/t for oxide and 0.7 g/t for primary material. However, some material with gold grades below these cut-offs were unavoidably included in some places to give a continuous smooth geometry.
The sections of each ore type were linked from one section to the next to form a three dimensional wireframe solid of the mineralisation covering the entire strike from 4650N to 1690N. Fig. 4 shows the isometric view of the wireframe model when looking above towards northwest. 
Sample Compositing
Samples falling within each lithological unit and ore-type in the wireframe were selected and composited to 2 m length downhole for grade. A threshold length of acceptance was set to 75% (1.5 m). Any composite sample of length less than 1.5 m was discarded. For statistical analysis, it is required that the same support is used, otherwise any statistic, apart from the mean, will be statistically unrepresentative and meaningless (Marsal, 1987) . Drill hole data for lithology estimates was not constrained to the limits of the wireframe models. Samples were composited to 2.0 m downhole intervals from top to bottom of holes.
Statistical Analysis
The samples from the different drill types were tested statistically to verify if they come from identical populations using Analysis of Variance (ANOVA) method. The tests at 5% level of significance indicated that they come from identical populations and suggested that the samples from the different drill campaigns could be combined.
The sample statistics of the retrieved composites gold grade for each lithological unit within the wireframe were studied. An example of the histograms of their distributions is shown in Fig. 5 32 Indicator flag fields were set for both lithology and gold composite groupings for variogram analysis.
To reduce the effect of smoothening on estimates into inappropriate areas of the deposit due to strike change, the data was classified into two domains namely the south and north (along 5800N grid).
Lag spaces of 25 m and 2 m were used for the horizontal and vertical semi-variograms respectively. Experimental semi-variograms were calculated on incremental angles of 25 degrees with angular tolerance set to 5 degrees to allow for ade quate data capture to generate representative structures. A cylindrical radius of 2.5 m was used for all analysis.
The exponential model was found to give the most appropriate fit to the indicator experimental variograms for the Bibiani deposit. Subsequently, the exponential model was used to model both lithology and gold grade indicators. A typical semi-variogram is shown in Fig. 6 .
Considering the five lithology indicators and gold grade indicators for the 7 grade groupings within the south and north data domains, 61 individual variogram analyses were carried out.
Indicator Modelling
Indicator model was used to obtain the proportion of a particular lithology and grade category (bin) for a particular block of the deposit. The lithological codes in the drillhole database were grouped.
Old underground workings were considered as a fifth lithology called stope (ST). The five groups are shown in Table 1 . All drillhole intersections were then checked for missing lithological information. Intervals without any lithological code were assigned the code 'PH' for phyllite which is the most predominant rock.
To provide a geological constraint on the subsequent grade model, a probabilistic model was created using the following steps:
i. A set of flag fields were created for the unconstrained drillhole data with one field for each lithology including stopes. These fields 33
Phyllite_Au_Composite ( were all initialized to zero ii. For each downhole interval the flag field corresponding to the actual lithology code for that interval was set to a value of 1; all other flag fields keep a value of zero. iii. The five flag fields were then composited into 2 meter long downhole intervals so that each two-metre interval contained a value between 0 and 1, representing the length proportion of the lithology in question. iv. Geostatistical analysis was carried out for the flag fields. Each of the five flag fields was analysed separately as presented in Appendix A. v. Using the indicator variables established in step iv, the flog fields were interpolated to give a value between 0 and 1 for each field in each block.
vi. The five fields in the model were standardised so that they summed to 1. The grade was estimated for each of the lithologies in turn with the exception of stopes in a similar approach.
vii. Seven grade intervals, called bins, were selected for each lithology, covering the range of assay values present. The grade ranges used were based on the 16, 30, 44, 58 and 72 and 86 percentiles of the frequency distribution estimated from the normal probability plots. The limits of the bins were carefully selected to give approximately equal data points within the various grade classes. The grade ranges are given in Table 2 . viii. For each lithology a set of seven flag fields were created, one for each grade bin. All 28 flag fields were initialized to a value of zero. 
Modelling Strategy
Block dimensions of 15 x 6 x 6 m were used. For boundary resolution a cell split into two was adopted. The model prototype is shown in Table 3 . Search ellipsoids were used with appropriate radii corresponding with the anisotropies. Soft boundary conditions were allowed between the oxide, transition and primary material within each data domain.
Model Validation
The Bibiani deposit block model has been validated using visual examination of assay and estimated block grades in sections and plans. Block grades were compared spatially with input grades to ensure that grade trends were represented correctly in the block model. The trends seen in the block grades were consistent with those of the input data. Fig. 7 shows a typical cross-section through the blocks and the drill holes coloured on gold grade.
Discussion of Results
The results from IK are shown alongside those of IDW in Table 4 for comparison. For effective assessment of the propriety of IK and IDW methods in estimating the resources at Bibiani, their estimates were constrained with the wireframe of the mined out pit and topography where the data was obtained. Only materials, categorised as Indicated 1 and 2 were included in the reserves to conform to the Joint Ore Reserve Committee (JORC) Code. The global reserves within the pit perimeter are shown in Table 5 .
The results show that IK and IDW underestimated the tonnage but IK estimates were better. The IK estimates also showed closer grade estimates to actual than IDW. The comparison is better illustrated by the grade-tonnage curves in Fig. 8 . The underestimation of the tonnage is due to overestimation of the stope volume (void). Irregularity of the orebody, due to local broadening of the orebody, may also contribute to it. For the ore grade, IK underestimated by 0.6% whilst IDW overestimated it by 6%. The overall assessment indicates that the IK model compares better with the actual than the IDW estimates for both grade and tonnage. 
Conclusions
The following conclusions are made from the analysis of the results:
i. Indicator algorism provides acceptable variable in estimating voids and lithology. The use of indicators also limits the undue influence of high grade values on grade estimates.
ii. In the absence of comprehensive underground plans IK provides better estimates than IDW.
iii. Comparison of IDW and IK against actual production values indicates that the IK model compares more favourably with the actual production figures than that of IDW for both grade and tonnage. iv The IDW model overestimates the grade of the remnant gold resources. This is due to the inability of IDW to adequately deal with data clustering. The inappropriate estimation of stoping volume segments of the orebody caused an underestimation of low grade tonnage with the net effect of the average gold grade being overestimated.
Recommendations
From the results work, it is recommended that the company could consider using the IK estimation technique in the re-evaluation of the mineral resources to enhance the economics of either the proposed underground or cut-back projects. 
Appendix B Example of Indicator Estimate of Gold Grades
An example of an initial estimate of lithology proportions after kriging run is provided in the Table 1 . where IJK number is the cell identification number of the model and qv_prop, ps_prop, ph_prop, st_prop are attribute fields for lithology estimates explained in Table 5 .8.
The sum of the initial lithology estimate is not equal to 1.0. For an unbiased estimate of lithologies, the proportions must be normalized so that they sum equals 1.0.
The proportions are normalized by dividing each of the lithology proportions by the total to give a new set of values presented in the Table 2 . An example of an initial lithology grade bin estimate for the cell after a kriging run is provided in the Table 3 . The grade bin proportions are also normalized so that they sum up to 1.0 to give new figures provided in Table 4 .
Using the grade bin means provided in Appendix B for Bins 1 to 6 and the median for Bin 7, the grade of the proportion of each of the lithology within the model cell is calculated as follows: 
